
UNIVERSITY OF CALIFORNIA 
 

SANTA CRUZ 
 
 
 

NEW INSIGHTS INTO THE STRUCTURAL, HYDROTHERMAL, AND 
BIOLOGICAL SYSTEMS OF LONG VALLEY CALDERA USING 

HYPERSPECTRAL IMAGING 
 

A dissertation submitted in partial satisfaction of the requirements for the 
degree of  

 
DOCTOR OF PHILOSOPHY 

 
in 
 

EARTH SCIENCES 
 

by 
 

Brigette A. Martini 
 

December 2002 
 
 
 
 

     The Dissertation of Brigette A. Martini 
     is approved: 
 
      _________________________ 
      Professor Eli A. Silver, Chair 
 
      _________________________ 
      Professor Donald C. Potts 
 
      _________________________ 
      Professor Kenneth L. Cameron 
 
 
_________________________________ 
Frank Talamantes 
Vice Provost & Dean of Graduate Studies 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright ©  by 
 

Brigette A. Martini 
 

2002 
 
  

 



Table of Contents 

List of Figures .....................................................................................................xi 

List of Tables .....................................................................................................xiv 

Abstract...............................................................................................................xv 

Acknowledgements ......................................................................................... xvii 

Chapter One: Hyperspectral imaging in Long Valley Caldera: remote fault and  

fracture mapping ................................................................................................... 1 

 1.0 Introduction.......................................................................................... 1 

 2.0 Background ......................................................................................... 3 

  2.1 Regional and local geology...................................................... 3 

   2.1.1 Volcanism in Long Valley.......................................... 3 

   2.1.2 Structure and tectonics ............................................. 6 

   2.1.3 Hydrothermal system.............................................. 10 

  2.2 Remote sensing studies ........................................................ 13 

   2.2.1 Previous Long Valley studies.................................. 14 

   2.2.2 Hyperspectral remote sensing ................................ 14 

   2.2.3 Hyperspectral imaging in volcanology .................... 14 

 3.0 Hyperspectral imaging in Long Valley Caldera: Methods.................. 15 

  3.1 Image acquisition................................................................... 15 

  3.2 Image processing .................................................................. 16 

   3.2.1 Correction to apparent reflectance.......................... 17 

   3.2.2 Initial spatial data reduction .................................... 18 

   3.2.3 Spectral data reduction: MNF ................................. 19 

   3.2.4 Secondary spatial reduction: PPI............................ 20 



   3.2.5 Image classification: MF ......................................... 21 

 4.0 Image analysis: Results..................................................................... 21 

  4.1 Mineralization......................................................................... 22 

  4.2 How accurate is hyperspectral imaging in Long 

  Valley?......................................................................................... 24 

  4.3 Results of image analysis at a local site scale....................... 27 

   4.3.1 Results of image analysis – Mammoth Mt. ............. 27 

   4.3.2 Results of image analysis – The Discovery 

   Fault Zone........................................................................ 29 

   4.3.3 Results of image analysis – Hot Creek ................... 30 

   4.3.4 Results of image analysis – The South Moat.......... 32 

 5.0 Synthesis with local and regional geology:  Discussion .................... 33 

  5.1 Hyperspectrally-derived fault and fracture maps: 

  Local scale................................................................................... 33 

   5.1.1 Mammoth Mt. .......................................................... 34 

   5.1.2 The Discovery Fault Zone....................................... 36 

   5.1.3 Hot Creek................................................................ 39 

   5.1.4 The South Moat ...................................................... 40 

  5.2 Hyperspectrally-derived fault and fracture maps: 

  Caldera-wide................................................................................ 41 

 6.0 Implications ....................................................................................... 45 

  6.1 Volcanic and resource characterization via  

  hyperspectral imaging.................................................................. 45 

   



  6.2 Old faults, new volcanoes:  strong support for recent 

  models ......................................................................................... 50 

 7.0 Conclusions....................................................................................... 57 

 Tables ........... ......................................................................................... 60 

 Figures .......... ......................................................................................... 62 

Chapter Two:  Hyperspectral imaging in Long Valley Caldera:  Past 

and Paleo Hydrothermal Systems....................................................................... 92 

 1.0 Introduction........................................................................................ 92 

 2.0 Background ....................................................................................... 94 

  2.1 Hydrothermal system............................................................. 94 

  2.2 Structural system................................................................... 97 

  2.3 Hyperspectral imaging ........................................................... 98 

  2.4 Previous remote sensing studies........................................... 99 

 3.0 Hyperspectral imaging in Long Valley Caldera: Methods................ 100 

  3.1 Data acquisition and processing: HyMap hyperspectral 

  imagery...................................................................................... 100 

 4.0 Results: Caldera-wide alteration mineral maps............................... 101 

  4.1 Site-specific alteration maps................................................ 101 

   4.1.1 Western caldera – Mammoth Mt........................... 101 

   4.1.2 Western caldera – Mono-Inyo chain ..................... 102 

   4.1.3 Western caldera – Mineral Hill .............................. 103 

   4.1.4 West-central caldera – Casa Diablo, Basalt 

   Fumarole........................................................................ 103 

   4.1.5 Central caldera – South Moat Fault Zone ............. 105 



   4.1.6 Central caldera – Fumarole Valley........................ 105 

   4.1.7 East-central caldera – Little Hot Creek ................. 106 

   4.1.8 Central caldera – Hot Creek, Alkali Flats .............. 107 

   4.1.9 Eastern caldera – Eastern Ring Fracture 

   Zone............................................................................... 108 

 5.0 Discussion ....................................................................................... 109 

  5.1 Mineralization in Long Valley caldera and implications  

  for gross hydrothermal system circulation and chemistry.......... 109 

  5.2 Caldera-wide implications.................................................... 116 

   5.2.1 Gross patterns of alteration systems .................... 116 

   5.2.2 General geochemical patterns .............................. 117 

   5.2.3 Implications for caldera fluid flow pathways.......... 119 

  5.3 Is surface alteration a viable guide for estimating  

  subsurface alteration profiles?................................................... 122 

   5.3.1 Comparison of surface and subsurface data ........ 123 

   5.3.2 Discussion............................................................. 127 

 6.0 Conclusions..................................................................................... 128 

 Tables ........... ....................................................................................... 131 

 Figures........... ....................................................................................... 134 

Chapter Three:  Hyperspectral Imaging in Long Valley Caldera: Volcano- 

associated Biological Communities................................................................... 163 

 1.0 Introduction...................................................................................... 163 

 2.0 Background ..................................................................................... 165 

  2.1 Long Valley Caldera ............................................................ 165 



   2.1.1 Formation and petrology ....................................... 165 

   2.1.2 Hydrothermal system chemistry and 

   dynamics........................................................................ 165 

   2.1.3 Local structure ...................................................... 167 

  2.2 Previous remote sensing studies......................................... 167 

  2.3 Why hyperspectral? ............................................................. 168 

 3.0 General methods............................................................................. 169 

  3.1 HyMap data acquisition ....................................................... 169 

  3.2 Spectral pre-processing of HyMap data .............................. 170 

 4.0 Spectroscopic mapping of CO2-induced tree-kills: 

 Mammoth Mountain, CA........................................................................ 172 

  4.1 Introduction.......................................................................... 172 

  4.2 Background: Mammoth Mt. re-awakens .............................. 173 

   4.2.1 Seismic swarms, magma on the move, and 

   unprecedented tree death.............................................. 173 

   4.2.2 Source of tree-death: Volcanogenic CO2.............. 175 

   4.2.3 Local CO2 flux at Horseshoe Lake........................ 176 

   4.2.4 Vegetation and extreme levels of CO2 .................. 176 

  4.3 Methods: Spectroscopic-based mapping of tree-kills .......... 177 

   4.3.1 Previous tree-kill boundary mapping efforts.......... 177 

   4.3.2 Boundary discrimination using vegetation  

   indices............................................................................ 178 

   4.3.3 Boundary discrimination using MNF-derived 

   endmembers .................................................................. 181 



   4.3.4 Boundary discrimination using MNF-PPI derived 

   endmembers and SAM .................................................. 182 

   4.3.5 Boundary discrimination using MNF-PPI derived 

   endmembers:  MF.......................................................... 183 

  4.4 Results................................................................................. 184 

   4.4.1 Boundary discrimination using vegetation  

   indices............................................................................ 184 

   4.4.2 Boundary discrimination using MNF-derived  

   endmembers .................................................................. 185 

   4.4.3 Boundary discrimination using MNF-PPI derived  

   endmembers and SAM .................................................. 186 

   4.4.4 Boundary discrimination using MNF-PPI derived  

   endmembers and MF..................................................... 187 

  4.5 Discussion ........................................................................... 188 

   4.5.1 Vegetation indices................................................. 188 

   4.5.2 MNF-derived endmembers ................................... 189 

   4.5.3 SAM analysis ........................................................ 191 

   4.5.4 MF analysis........................................................... 193 

 5.0 A temporal analysis of Horseshoe Lake tree-kill growth  

 since 1989 ....................................................................................... 194 

  5.1 Introduction: Timeline of tree-growth; unanswered  

  questions ................................................................................... 194 

  5.2 Methods: Historical air photo analysis ................................. 195 

  5.3 The growth of the Horseshoe Lake tree-kill: Results ........... 196 



   5.3.1 New temporal and spatial patterns revealed......... 196 

   5.3.2 Discussion and Conclusions:  Paleo-kills and  

   de-fertilization of soils .................................................... 199 

 6.0 Tracking abnormal grass phenology in fumarolic environments ..... 200 

  6.1 Introduction.......................................................................... 200 

  6.2 Background: Casa Diablo Horse Fumaroles ....................... 201 

  6.3 Methods: Field Spectroscopy .............................................. 202 

  6.4 Results................................................................................. 202 

  6.5 Discussion and Conclusions................................................ 203 

 7.0 Detection of vegetation zonation patterns at hot 

 springs and pools .................................................................................. 206 

  7.1 Introduction.......................................................................... 206 

  7.2 Background and methods.................................................... 208 

  7.3 Results................................................................................. 210 

   7.3.1 Vegetation zonation at Little Hot Creek ................ 210 

   7.3.2 Vegetation zonation at Rhyolite Hot Spring .......... 214 

  7.4 Discussion and conclusions................................................. 216 

 8.0 General discussion.......................................................................... 218 

  8.1 Commonalities and differences across systems.................. 218 

  8.2 The utility of the hyperspectral approach............................. 220 

 9.0 Conclusions..................................................................................... 224 

 Figures .......... ....................................................................................... 227 

Chapter Four:  Hyperspectral Imaging in Long Valley Caldera: Tracking 

volcanogenic CO2 and its lethal effects............................................................. 259 



 1.0 Introduction...................................................................................... 259 

 2.0 Background ..................................................................................... 260 

  2.1 Mammoth Mt. and volcanogenic CO2-induced  

  tree-kill ....................................................................................... 260 

  2.2 Spectroscopy of CO2 ........................................................... 262 

 3.0 AVIRIS analysis............................................................................... 263 

  3.1 Spectral detection of anomalous CO2.................................. 263 

   3.1.1 AVIRIS analysis: Continuum Removal.................. 264 

   3.1.2 AVIRIS analysis: Minimum Noise Fraction ........... 265 

 4.0 Results ....................................................................................... 265 

  4.1 AVIRIS analysis ................................................................... 265 

 5.0 Discussion: Feasibility and problems with anomalous CO2  

 detection and mapping .......................................................................... 267 

 6.0 Conclusions..................................................................................... 270 

 Figures .......... ....................................................................................... 271 

Bibliography ...................................................................................................... 278 

 



List of Figures 
 

Chapter One: 

1-1: Geologic map............................................................................................... 62 

1-2: Regional and local structural map................................................................ 64 

1-3: Hyperspectral imaging schematic diagram .................................................. 65 

1-4: HyMap acquisition boundaries..................................................................... 66 

1-5: MF endmember results on southwest flank of Mammoth Mt. ...................... 67 

1-6: Mineralization map of southwest flank of Mammoth Mt. .............................. 68 

1-7: Mineralization on Mammoth Mt. and the DFZ.............................................. 70 

1-8: The DFZ....................................................................................................... 71 

1-9: Mineralization at the DFZ and the Inyo Craters ........................................... 73 

1-10: Mineralization at Hot Creek........................................................................ 75 

1-11: Mineralization at Fumarole Valley and Hot Creekt..................................... 77 

1-12: Mineralization in the South Moat................................................................ 79 

1-13: Long Valley caldera fault map.................................................................... 81 

1-14: Hyperspectral fault map that coincides with known faults.......................... 83 

1-15: Hyperspectral fault map that doesn’t coincide with known faults ............... 85 

1-16: All hyperspectrally mapped faults and fractures ........................................ 87 

1-17: Previously unmapped faults with previously known fault networks............ 89 

1-18: Refined structural map of Long Valley caldera .......................................... 91 

 

Chapter Two:  

2-1: Location figure showing areas of study in Long Valley .............................. 134 

2-2: Schematic diagrams of hydrothermal flow ................................................. 135 



2-3: Alteration distribution on Mammoth Mt....................................................... 136 

2-4: Alteration distribution, Mono-Inyo volcanic chain....................................... 138 

2-5: Alteration distribution, Mineral Hill.............................................................. 140 

2-6: Alteration distribution, Basalt Fumarole-Casa Diablo................................. 142 

2-7: Alteration distribution, South Moat Fault Zone........................................... 144 

2-8: Alteration distribution, Fumarole Valley...................................................... 146 

2-9: Alteration distribution, Little Hot Creek....................................................... 148 

2-10: Alteration distribution, Hot Creek ............................................................. 150 

2-11: Alteration distribution, Eastern Ring Fracture Zone ................................. 152 

2-12: Caldera-wide alteration ............................................................................ 154 

2-13: Caldera-wide alteration classified by chemistry ....................................... 156 

2-14: Caldera-wide alteration in three dimensions............................................ 158 

2-15: Suggested hydrothermal circulation patterns........................................... 160 

2-16: Map of Long Valley well locations............................................................ 162 

 

Chapter Three: 

3-1: Location figure showing areas of study in Long Valley .............................. 227 

3-2: Representative plant spectral signature..................................................... 228 

3-3: Distribution of tree-kills on Mammoth Mt.................................................... 229 

3-4: Schematic diagram of proposed source of CO2 at Mammoth Mt. .............. 230 

3-5: Vegetation indices analysis of Horseshoe Lake tree-kill ............................ 232 

3-6: Vegetation indices analysis of Sotcher Lake scene................................... 234 

3-7: Tree-kill mapping using the Minimum Noise Fraction ................................ 235 

3-8: Tree-kill mapping using image extracted endmembers at Horseshoe....... 237 



3-9: Tree-kill mapping using image extracted endmembers in Sotcher scene.. 239 

3-10: SAM classifications of Sotcher scene ...................................................... 241 

3-11: Tree-kill mapping at Horseshoe using the Matched Filter algorithm........ 243 

3-12: Effects of pixel-mixing in heterogeneous natural environments............... 244 

3-13: Five years of Horseshoe Lake aerial photography .................................. 246 

3-14: Growth of Horseshoe Lake tree-kill boundary with time........................... 247 

3-15: Horseshoe Lake in 1977 and the kill boundary from 1990....................... 249 

3-16: Location of Casa Diablo Horst fumaroles ................................................ 250 

3-17: Field spectra of grass spectral signatures with respect to temperature ... 252 

3-18: Biological zonation patterns at Little Hot Creek ....................................... 253 

3-19: Spectral signatures and photos of microorganisms ................................. 254 

3-20: Multi-temporal vegetation zonation mapping at Little Hot Creek.............. 256 

3-21: Vegetation zonation mapping at Rhyolite Hot Spring .............................. 258 

 

Chapter Four: 

4-1: Location of study areas in Long Valley caldera ......................................... 271 

4-2: Location of CO2-induced tree-kills on Mammoth Mt................................... 272 

4-3: Spectral signature showing major CO2 absorptions................................... 273 

4-4: Continuum removal analysis for CO2 distribution....................................... 274 

4-5: MNF analysis on AVIRIS 2000 imagery for CO2 distribution ..................... 275 

4-6: Comparison of AVIRIS 1996 and 2000 MNF analysis ............................... 276 

4-7: Spectral signatures of plant biochemicals.................................................. 277 



List of Tables 
 

Chapter One: 

Table 1-1: Major mapped minerals in Long Valley caldera ................................. 60 

Table 1-2: XRD/Spectroscopy accuracy assessment ......................................... 61 

 

Chapter Two: 

Table 2-1: Long Valley well-data....................................................................... 131 

 

  



New Insights into the Structural, Hydrothermal, and Biological Systems 

of Long Valley Caldera Using Hyperspectral Imaging 

 

Brigette A. Martini 

 

Abstract 

Long Valley is one of the better-studied calderas in the world, and is one of three 

active calderas in the contiguous United States.  Suites of increasingly sophisticated 

geophysical and geochemical studies performed there since the late 1970’s have 

revealed a restless and dynamic volcanic system.  The years of study have 

elucidated much about the structure, tectonics, volcanogenesis, and hydrothermal 

system of Long Valley, but ambiguities still remain.  The role of regional tectonics in 

the formation of Long Valley is unclear, geography of hydrothermal circulation and 

locations of major discharge zones are loosely determined, and biological systems in 

the caldera remain largely unstudied.  In this thesis, I use hyperspectral imaging to 

study the Long Valley caldera.  This synoptic, high spatial resolution remote sensing 

data is a new way of looking at active volcanoes; reproducing both previously known 

data and revealing new information. 

 

In Chapters One and Two, I use 5 meter HyMap hyperspectral data to detect and 

map mineralization within Long Valley Caldera.  Linear distributions of hydrothermal 

alteration mineral assemblages are proxies for zones of structural weakness with 

high permeability.  Mineral maps with these linear distributions are presented as 

refined structural maps, where many distributions coincide with previously mapped 



structures and some map new structures.  The fine spectral sampling of 

hyperspectral data also allows for mineral identification, which aids in producing new 

maps of hydrothermal circulation patterns and gross geochemical zonation in the 

caldera. 

 

Chapter Three uses hyperspectral imaging to study the volcano-associated biological 

systems of Long Valley.  Boundaries and growth of volcanogenic CO2-induced tree-

kills are studied, geothermally induced artificial senescence is documented, and 

thermophilic microorganisms within hot spring ecosystems are detected and 

mapped.  Chapter Four discusses the use of AVIRIS hyperspectral imagery for direct 

detection of anomalous volcanogenic CO2 on Mammoth Mt.  
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